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ABSTRACT 
This report presents experimental results for the pressure drop 
across a restriction of annular geometry used in a typical pressuri~ed 
water reactor steam generator. The pressure drops were obtained for 
air, water, and the corresponding two-phase mixtures. 
The loss coefficients associated with these pressure drops 
were experimentally determined and empirical relations correlating 
the results were developed. 
The tests were performed at atmospheric conditions (atmos-
pheric temperature and pressure), and the two-phase flow mass 
velocity ranged from 236 to 711 lbm/s-ft2. 
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CHAPTER I 
INTRODUCTION 
Much modern equipment such as nuclear power reactors and steam 
generators operates with two-phase (liquid-vapor) flow occurring in 
quite complicated geometries. The design and operation of such equip-
ment includes the prediction of the two-phase flow pressure drop in 
such geometries. 
A literature survey indicates little work has been done to pre-
dict the pressure losses which occur when a two-phase fluid passes a 
sudden obstruction. 
The purpose of this study was to obtain an empirical correlation 
for the two-phase (air and water) flow pressure drops across a restric-
tion of annular geometry. General considerations for applying the 
results of this study to water/steam mixtures are also discussed. 
The air-water combination was used for the following reasons: 
1. The pressures and temperatures are atmospheric, requiring 
less expensive equipment. 
2. No boiling occurs; therefore, no boiling apparatus is needed. 
3. The measurement of the percentage of the phases present is 
simplified, as each can be metered separately. 
4. Corrosion usually is not a problem. 
5. Transparent materials at the test section permit visual 
study of the flow (since the temperatures and pressures are usually low 
enough to pennit the use of these materials). 
Single-phase flow was treated as a limiting case of the two-
phase flow, i.e., when the flowing quality was zero (all liquid) or 
one (all gas). 
Problem Statement 
The problem considered was to detennine the pressure drop across 
a restriction of annular geometry (tube support plate) for vertical 
upward flow of a two-phase fluid, and also for the single-phase fluid. 
The problem consisted of an experimental investigation using an air-
water system as the two-phase fluids. 
The experimental investigation consisted of the measurement of 
the static pressure changes along a test section using various flow 
rates and flowing qualities. 
The loss coefficients predicting the pressure drops across the 
tube support plate were correlated in terms of mass velocity and 
flowing quality. 
2 
CHAPTER II 
EXPERIMENTAL APPARATUS 
Description of Flow Loop 
The flow loop is shown in schematic diagram in Figure l. Starting 
at the valves, the water (or air) flowed through the flow meter and the 
mixing plenum before entering the test section. In order to reduce the 
moisture content of the air entering the system, a moisture trap was 
placed before the air flow meter. 
Design of Flow Loop 
Two cast Plexiglass tubes, with an inner diameter of 2.25 inches 
and a wall thickness of 0.25 inches, were used to fonn the housing 
for the testing area (Figure 2). A transparent material, such as 
Plexiglass, was desirable in that it enabled photography and visual 
observation of the flow area. Each tube was 17.625 inches long and had 
flanges at the upper and lower edges. These flanges were 0.75 inches 
thick and were manufactured by fabricating a 7 inch diameter Plexiglass 
circle with a 2.75 inch diameter hole bored through it. Four equally 
spaced holes were drilled in them to match the bolt circle in a stan-
dard 2~ inch pipe flange so that the tube support plate, mixing and exit 
chambers could be attached to the test section. The flanges were glued 
to the tubes. 
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Figure 1. Schematic diagram of the flow loop. 
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Figure 2. The housing for the test section. 
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6 
The main support plate was placed between the two tubes and was 
secured to the flanges by bolts and nuts. This support plate was fab-
ricated from a 7 inch diameter, 0.75 inch thick Plexiglass circle and 
had seven equally spaced holes, each 0.530 inches in diameter, drilled 
in it in a triangular pattern (Figure 3). To support the tube bundle, 
two similar support plates were placed at each extreme edge of the test 
section. 
The tube bundle consisted of seven solid rods, each 0.500 inches 
in diameter. These rods were passed through the support pl ates, there-
fore forming 0.030 inch diametral gap crevices 1 in the support plate 
holes. To prevent slipping, the rods were extended into the exit cham-
ber at their upper ends and into the mixing plenum at their lower ends. 
Eight pressure taps were symmetrically installed in the test 
section, two, six, ten, and fourteen inches from the center line 
(Figure 4). An additional pressure tap was placed in the middle of 
the main support plate. 
The existing air and water supply lines in the laboratory pro-
vided the water and air for the test section. Three-quarter inch P.V.C. 
pipe was used to connect air and water lines to the inlet plenum of the 
te s t section . 
Instrumentation 
Pressure Instrumentation 
The pressure drop along the test section was measured with a 
Differential-Pressure Transmitter. 2 This device, being the most 
lTypical gap size for drilled support plates. 
2computer Instruments Corp., Hempstead, New York. 
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Figure 3. Top and front view of the tube 
support plate. 
7 
8 
" .. 
' 
.. 
2 
center line 
- - - - - - - - - -- - -...____,.. 
" lt 
+ 
" 
• 
+ 
11 
~ 
' 
Figure 4. Location of pressure taps on the test section. 
advanced version of Linear Variable Differential Transformer, had 
an input range of 24-32 volts D.C., an output range of 0-10 volts 
1 D.C., and an output accuracy of+ 0.007 volts D.C. Test section 
pressure taps were connected to the pressure input ports of the 
pressure transmitter. The lowest test section pressure tap was con-
nected to the high pressure input port and the eight upper pressure 
taps were manifolded and connected to the low pressure input port 
(Figure 5). A valving system was provided so that these pressure 
taps could be used one at a time. Two vent screws (high and low 
side vent screws) allowed the release of any trapped air in the 
pressure taps and the pressure ports. 
Power Supply 
A Semiconductor Circuits' convertor2 (rated at 0-32 volts) 
supplied the direct current voltage for the differential pressure 
transmitter. Since the pressure transmitter had a power input range 
9 
of 24-32 volts, there was no need for calibration of the power supply. 
Voltmeter 
An 8000-A digital multimeter3 was used to read output voltage of 
the differential pressure transmitter. The voltage readings obtained 
by this voltmeter were accurate up to+ 0.001 volts. 
1The linear relationship between the pressure drops and the pres-
sure transmitter output signal is shown in Figure 6. As seen, each 
volt corresponds to 2 PSI pressure drop. 
2
semiconductor Circuits, Inc., Seattle, Washington. 
3John Fluke MFG. Co., Inc., Seattle, Washington. 
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Figure 5. Test section pressure tap connections to 
pressure transmitter. 
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Chart Recorder 
Due to the fluctuating character of the transducer signal during 
two-phase testing, a Brush-280 chart recorder1 was used to record the 
transducer signal for periods of approximately 1.5 minutes. The aver-
age value of the recorded signal was then used in the pressure drop 
calculations. Samples of the recordings made for different flow rates 
are shown in Figure 7. 
Flow Meter 
Three Dwyer Rate-Master series RM fl ow meters 2 were used to rnea-
sure the flow of air and water into the system. The water flow meter 
had a flow range of 1 to 8 gallons per minute and the air flow meters 
had flow ranges of 20 to 200 and 200 to 2000 cubic feet per hour. 
Si nee each fl ow meter was factory ca 1 i brated, there was no need for 
further calibrations. 
Air Filter 
A Sterling air filter, 3 with 95 per cent moisture absorbability, 
was used to reduce the moisture contents of the air flowing into the 
test section. 
1Gould Inc., Brush Division, Cleveland, Ohio. 
2Dwyer Instruments, Inc., Michigan City, Indiana. 
3sterling Air Systems, Fairfield, New Jersey. 
+-------- 5 VOL TS 
-,---+.---4--4---+--:3I::===r-- 0 . 0 V 0 LT 
! 
·- I 
6.0 GPM of water+ 
100 SCFH of air 
5.0 GPM of water+ 
110 SCFH of air 
4.0 GPM of water+ 
110 SCFH of air 
3.0 GPM of water+ 
70 SCFH of air 
2.0 GPM of water+ 
60 SCFH of air 
Figure 7. Sample strip chart recordings. 
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CHAPTER III 
EXPERIMENTAL INVESTIGATION 
Procedure 
The test section was filled slowly with water from the lowest 
point in the loop (the mixing plenum) while air was bled from the 
highest point in the loop (the draining chamber). To release the air 
that might have been trapped in the pressure taps, the pressure trans-
mitter vent screws and the pressure tap relief valves were opened. 
This process was continued until no air remained in the system. 
Once this condition was achieved, the power supply and the digital 
voltmenter were connected to the pressure transmitter and the appa-
ratus was ready for single-phase flow experiments with water. Prepar-
ations for two-phase flow experiments were made in a similar manner, 
except, as mentioned before, since the pressure transmitter output 
signals were fluctuating durinq two-phase flow experiments, a chart 
recorder had to be used instead of the voltmeter. 
Single-phase tests with air were also run. 
Range of Variables 
Since the entire single-phase and two-phase tests were performed 
with air and water, the number of variables were reduced to only two: 
(1) the water flow rate, ranging from l to 7.4 gallons per minute, 
14 
and (2) air flow rate, ranging from 20 to 900 standard cubic feet1 
per hour. Two-phase mass quality, a function of air and water flow 
rate, ranged from zero to only 3 per cent. Void fraction, a, ranged 
from 0.29 to 0.93 for two-phase flow tests. 
1
one standard cubic foot of air is one cubic foot of air at 
standard atmospheric temperature (15°C) and pressure (l atmosphere). 
15 
Calculated Data 
CHAPTER IV 
EXPERIMENTAL RESULTS 
Single-phase Flow 
The experimental data were used to determine the pressure drop 
across the tube support plate. The single-phase loss coefficients 
associated with these pressure drops were calculated using the fol-
lowing relationship (Geiger, 1964): 
(KSP)TSP = ( 1 ) 
----------
_/ 
k-t 1/19 
~-~ ~ 
c. 
s 
v 
These results are tabulated in Appendix A, Table 1, for water, and 
in Appendix A, Table 2, for air. Appendix B contains a sample of 
calculations performed. 
Discussion of Results 
Relative pressure drops (P1 - Pn) along the test section are 
illustrated in Figure 8 for water, and in Figure 9 for air. The 
pressure drop lines on these graphs show, for the runs with water, 
that the points on the upstream (below tube support plate) section 
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19 
fell on a straight line. This gives some indication that a fully re-
covered flow was occurring in that region of the tube (in other words, 
the pressure drop in that region of the tube was a linear function of 
the distance along the test section). The downstream (above tube sup-
port plate) section pressure drop lines show that only two points fell 
on a straight line. The lines were drawn through the two points fur-
thest downstream on the assumption that the flow would be more fully 
recovered there. The points nearer the tube support plate fell slight-
ly above the straight line. This, of course, is the normal pattern for 
flow across an obstruction (Johnston, 1981). 
1 
For low range air flow rates (20-200 SCFH), pressure drop lines 
show a "reverse flow" just below the tube support plate. Even though 
the exact reason for this occurrence is not known, it is suspected 
that the flow eddies in that region are responsible for this. As for 
the downstream (above tube support plate) section, the pressure drop 
lines show a more fully recovered flow than water. 
For relatively higher air flow rates (300-900 SCFH), pressure 
drop lines show almost no change in pressure drop below the tube sup-
port plate, and a fully recovered flow above support plate. 
The pressure drops associated with the tube support plate, 
(~Psp)TSP , are plotted versus flow rate on Figure 10 for water, and 
Figure 11 for air. As expected, these pressure drops increased with 
increasing flow rate. Figures 12 and 13 show the calculated experi-
mental loss coefficients versus flow rate. These loss coefficients 
decreased exponentially as the flow rate increased. 
1Reynolds Number for 20-200 SCFH of air is: 91 .00 < Re < 913.00. 
This corresponds to a Laminar flow for Re < 2300. 
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Correlation of Data 
The calculated single-phase loss coefficients, (K5P)TSP , were 
shown to decrease exponentially with increasing flow rate (see figures 
12 and 13). In order to develop empirical correlations for these data, 
a functional relationship was assumed and best fit curves were obtained 
using the method of exponential least squares. The results are as 
follows: 
(KSP)TSP = 4.16 + 39.25 * EXP(-1 .38 * Q) + 4.6% (water) (2) 
(KSP)TSP = 5.74 + 47.22 * EXP(-0.0254 * Q) + 15.0% (air) (3) 
where Q (the volumetric flow rate) ranges from 1 to 7.4 gallons per 
minute in Equation 2 and 20 to 900 standard cubic feet per hour in 
Equation 3. 
It should be noted that the above correlations are valid only for 
the flow rates indicated, and any results obtained by extrapolation 
might not be necessarily correct. The loss coefficients predicted by 
these equations are shown in figures 14 and 15. 
Two-phase Flow 
A total of ninety-five test runs were made with two-phase (air 
and water) mixtures. 
Calculated Data 
For two-phase flow, similar to single-phase flow, experimental 
data were used to determine the pressure drop along the test section 
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and the pressure drop across the tube support plate, (~ PTP)Tsp· 
The experimental two-phase flow loss coefficients, (KTP)TSP' were 
calculated using the previously described relationship: 
(KTP)TSP = -------
G2 
where P (Geiger, 1964) is defined as: 1 ' 2 
( Pf) . ( Pg) 
p = ~~~~~~~~~-
x ( pf - pg) + pg 
(4) 
(5) 
The results of two-phase flow calculations are tabulated in Appendix 
A, tables 3 through 7. Appendix B contains a sample of calculations 
performed. 
Discussion of Results 
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Representative two-phase flow pressure drops along the test sec-
tion are illustrated in Figure 16. The pressure drop lines on this 
graph show, for most runs, that the points on the upstream (below tube 
support plate) section fell almost on a straight line. This indicates 
that a fully recovered flow was occurring in that region of the test 
1since the quality of the two-phase mixture, X, was assumed to be 
uniform along the test section for a given air and water flow rate, 
the mean density ( p) became only a function of mass quality. 
2Equati on 5 reduces to p f and p for X equal to zero and one. 
As described before, these are the lim~ting cases of two-phase flow. 
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29 
section (in other words, the pressure drop in that region of the tube 
was a linear function of the distance along the test section). For 
the downstream (above tube support plate) section, the pressure drop 
lines were drawn through the two points furthest downstream on the 
assumption that the flow would be in a more fully recovered state as 
compared to points nearer the support plate. The results show, for 
the majority of the runs, that the flow became fully recovered soon 
after the tube support plate. 
The experimental values of two-phase flow pressure drop across 
the support plate, (6 PTP)TSP , are plotted versus flowing quality in 
Figure 17. As was expected, (6 PTP)TSP increased as the flowing qua-
lity increased. Also, comparison of the data showed that an increase 
in total mass flow rate would increase (6 PTP)TSP for identical flow-
ing qualities. 
The loss coefficients associated with these pressure drops, 
(KTP)TSP , are plotted versus flowing quality in figures 18 through 
22. As seen, these loss coefficients decreased with increasing flow 
quality. They also decreased for identical qualities when total mass 
flow rate increased. 
Correlation of Data 
The two-phase flow loss coefficients, (KTP)TSP , were shown to 
decrease exponentially with increasing flow quality (mass quality). 
Hence, in developing empirical correlation for these loss coefficients, 
a functional relationship was assumed and best fit curves were ob-
tained using the exponential least squares method. The result was: 
30 
(KTP)TSP = 1.779 + 2.754 * EXP(B * X) ~ 6.0% {6) 
where 
8 = (-2.607 - 0.424(GPM)-l *water flow rate in GPM) * 100 
and 
X = mass quality. 
The loss coefficients predicted by this equation are compared with the 
experimental loss coefficients in figures 23 through 27. 
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CHAPTER V 
CONCLUSIONS AND RECOMMENDATIONS 
The results of an experimental investigation for flow of air, 
water, and two-phase mixtures across a restriction of annular geomet-
ry have been presented. This geometry is representative of a tube 
support plate in a typical PWR steam generator. The loss coefficients 
predicting the unrecoverable head loss across this restriction were 
determined and emp · ri ca lly mode 1 ed. 
Even though the results of this experimental investigation are 
valid for this study, it is almost impossible, at this time, to verify 
their applicability for steam-water mixtures. This is due to the facts 
that (1) no comparable data (pressure drops) were found in the litera-
ture1 for single-phase and two-phase flow of steam and water across 
such a geometry and (2) the empirical equations presented in this re-
po t are only function of mass quality (X) or flow rate, and do not 
take into consideration any physical properties of air and water such 
as viscosity, density, surface tension, etc. Otherwise, more accurate 
and sensible comparisons would be possible using these equations and 
the theoretical equations that exist for steam-water mixtures. 
However, two important conclusions were made: 
l. A similar investigation with steam and water found in the 
1Refer to the Bibliography for the list of books reviewed. 
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report furnished by Combustion Engineering (Vroom, 1982) showed that 
some of the results appear to have similar trends. For example, the 
results of two-phase flow experiments with air and water showed that 
the pressure drop across the tube support plate increased with increas-
ing flow rate and that the loss coefficients predicting these pressure 
drops decreased exponentially with increasing flow rate. Similar re-
sults were observed for the flow of steam and water mixtures. 
2. According to Kays' graph (Marinelli and Pastori, 1972) of 
loss coefficient versus Reynolds number, for single-phase flow, air 
would predict a lower pressure drop than steam, and cold water (at 
room temperature) would predict a higher pressure drop than hot water. 
For two-phase flow, air-water mixtures would predict a higher pressure 
drop than steam-water mixtures. These behaviors are illustrated in 
the following diagram. 
steam-water 
0 1 
x 
The following is a list of recommendations for future work: 
1. Investigate the effects of heating the air and/or water on 
pressure drop both across the support plate and along the test section. 
This would provide insight into non-equilibrium effects. 
2. Since the supply air in these experiments was almost 95% 
moisture free, it is of interest to find the effects of moist air on 
pressure drop. This is due to the fact that moist air is more simi-
lar to steam than dry air. 
44 
3. One major question that has been raised in this study is the 
reverse flow occurring just below the tube support plate for low air 
flow rates. It is recommended that a visual study should be made 
(using visible gasses or injecting dye into the air) to determine the 
nature of this occurrence. 
4. Using the experimentally obtained data (pressure drops) for 
air-water mixtures and the variables effecting the pressure drop (such 
as viscosity, density, flow rate, etc.), perform dimensional analysis 
to obtain a dimensionless equation for pressure drop that is compara-
ble with the pressure drop equations for steam-water mixtures. 
APPENDIX A 
TABLES 
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TABLE la 
EXPERIMENTAL RESULTS FOR SINGLE-PHASE FLOW TESTS (WATER) 
PRESStraE DROP WITH BESPECT TO T.AP N0.1 
TAP JWMBEB 
PLOW RATE 1 2 3 4 s 6 7 8 9 (GPM) (PRESSURE DROP IN PSI) 
1.0 o.o 0.145 0.270 o.414 o.646 0.760 0.94J 1.048 1.2)2 
1.2 o.o 0.145 0.270 0.414 o.686 0.818 1.003 1.128 1.272 
1.4 o.o 0.145 0.270 o.414 0.706 0.858 1.063 1.188 1. 312 1.6 o.o 0.125 0.270 o.414 0.766 0.918 1.123 1.228 1.372 1.8 o.o 0.125 0.250 o.414 o.846 0.958 1.18J 1.288 1.4)2 
2.0 o.o 0.125 0.250 0.394 0.926 1.018 1.24) 1.)48 1.492 
2.2 o.o 0.125 0.250 0.)94 0.986 1.098 1.)4) 1.428 1.552 
2.4 0.0 0.105 0.250 0.394 1.086 1.178 1.J8J 1.468 1.6)2 
2.6 o.o 0.105 0.2)0 0.374 1.246 1.278 1.48J 1.588 1.752 
2.8 o.o 0.105 0.2)0 0.)74 1.286 1.378 1.583 1.688 1.8)2 
J 0 o.o 0.085 0.230 0.)74 1.J66 1.478 1. 723 1.748 1.952 
3.2 o.o 0.085 0.210 0.354 1.446 1.578 1.80) 1.888 2. 0)2 
3.4 .o 0.085 0.210 0,354 1.546 1.698 1.903 2.008 2 .152 
J.6 .o 0.085 0.210 0.354 1.626 1.818 2. 043 2.108 2 .272 
J.8 .o 0.065 0.190 O.JJ4 1.766 1.938 2.163 2.248 2 .392 
4.0 .o 0 065 0.190 O.JJ4 1. 826 2.098 2 .28) 2.)48 2 .512 
4.2 .o 0.065 0.190 O.JJ4 1.866 2.238 2.423 2.508 2 .632 
4.4 .o 0.045 0.170 0.)14 1.986 2.358 2.563 2.648 2. 792 
4.6 o.o 0.045 0.150 0.)1 2.146 2.478 2.68) 2.768 2 .972 
4.8 o.o o. 025 0.150 0.294 2.)66 2.618 2 .84) 2.908 J.092 
5.0 .o 0.005 0.1)0 0.274 2 .526 2. 858 J.04) J.088 J.292 
5.2 . - . 02 0.110 0.254 2.686 2.998 J.163 J.248 J.472 
5.4 .o -o. 2 0.090 0.2J4 2,866 J.258 J.J6J J.488 J.612 
5.6 .o - .04 0.090 0.234 J.066 J.J98 J.543 J.668 J.852 
5.8 .o 0.06 0.070 0.214 J.186 J.558 J.68) J.788 J.972 
6.o .o -0 .. 06 0.070 0.214 3.266 J. 718 J.903 J.988 4.152 
6.2 o. o .. 6 0.050 0.194 J.466 J.898 4.06) 4.148 4.352 
6.4 . 0 -o. 6 0.050 0.194 ;. 626 4.0J8 4.22) 4.328 4.492 
6.6 • 0 -0.08 0.050 0.194 J. 826 4.178 4.40) 4.488 4.672 
6.8 .o -0.08 O.OJO 0.194 4.006 4.4)8 4.64) 4.688 4.872 
7.0 o.o -0.08 O.OJO 0.194 4.166 4.658 4.843 4.908 5.072 
7.2 .o -0.08 0.009 0.174 4.)66 4.8.58 5. 023 5.048 5.252 
?.4 o.o -0.10 0.009 0.174 4.526 5.058 5.203 5.288 5.472 
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TABLE lb 
CALCULATED DATA FOR SINGLE-PHASE FLOW TESTS (WATER) 
CP4-P6 ) 
FLOW RATE MASS VELOCITY THR0¥GH ~Psp>rsP (KSP) TSP (GPM) TSP GAPS (lbm/s-rt ) (PSI) 
1.0 117. 89 0.)46 14.J64 
1.2 141.47 0.404 11. 711 
1.4 165.05 0.444 9.455 
t.6 188.6J 0.504 8.215 
1.8 212.21 0.544 7.006 
2.0 235.?8 0.624 6.509 
2.2 259. )6 o. 704 6.068 
2.4 282. 94 o. 784 5.678 
2.6 306.52 0.904 5.578 
2.8 330.10 1.004 5.341 
3.0 35).68 1.104 5.116 
J.2 )7?.26 1.224 4.984 
J.4 400.84 1.)44 4.848 
J.6 424.42 t.464 4. 710 
J.8 447.99 1.604 4.6)2 
4.o 471.57 1.764 4.597 
4.2 495.15 1.904 4.500 
4.4 518.73 2 .044 4.402 
4.6 542.31 2.164 4.264 
4.8 565.89 2 .)24 4.205 
5.0 589.47 2.584 4.J09 
5.2 61).05 2.744 4.2)1 
5.4 6J6. 62 J.024 4.)23 
5.6 660~20 3.164 4.206 
5.8 68J.?8 J.)44 4.144 6.o 70?.)6 J.504 4.058 
6.2 730.94 J.704 4.01? 
6.4 ?54.52 J.844 J.912 
6.6 778.10 J.984 J.813 
6.8 801. 67 4.244 J.826 
1.0 825 .25 4.464 3.798 
1.2 848.SJ 4.684 J.766 
?.4 872 .41 4.884 3.718 
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TABLE 2a 
EXPERIMENTAL RESULTS FOR SINGLE-PHASE FLOW TESTS (AIR) 
PRESSURE DROP WITH RESPECT TO TAP NO. 1 
TAP NUMBER 
FLOW RATE 1 2 3 (SCFB) 
4 5 6 (PRESSURE DROP IN PSI) 7 8 9 
20 o.o o.ooo o.ooo o.ooo 0.003 0.0067 0.0049 0.005 0.005 JO o.o o.ooo o.ooo -0.001 0.005 0.0107 0.0090 0.007 0.009 
40 o.o o.ooo o.ooo -0.001 0.007 0. 012 7 0.0129 0.011 o. 013 
50 o.o o.ooo 0.000 -0.001 0.009 0.0167 0.0169 0.015 0.017 
60 o.o 0.000 o.ooo -0.001 0.011 0. 02 07 0.0209 0.019 o. 021 
70 o.o 0.000 0.000 -0.003 o. 013 0. 0247 o. 0249 0.023 0.025 
Bo o.o o.ooo o.ooo -0.00J 0.017 0.0)07 0.0289 o. 029 0.029 
90 o.o 0.000 0.000 -0.00J 0.019 0.0)67 0.0349 O.OJJ 0.035 
100 o.o 0.000 o.ooo -0.005 0.023 o. 042? o.0409 0.039 0.041 
110 o.o 0.000 0.000 -0.005 o. 027 o.0467 o. 0469 o.045 0.045 
120 0.0 o.ooo 0.000 -0.005 0.0)1 0. 052 7 0.0509 o.049 0.051 
130 o.o o.ooo o.ooo 0.007 0.035 0.0587 0.0569 0.055 0.057 
140 .o o.ooo o.ooo -0.007 O.OJ9 0.0667 o. 0629 0.06) 0.06) 
150 0.0 0.000 -0.002 -0.009 o.04J o. 072 7 0.0689 0.069 0.071 
160 .o 0.000 -o. 002 -0. 011 o. 049 0.0787 0.0769 0.077 0.077 
170 (\. 0 -o. 002 -0.002 -0.011 0.053 0.0867 0.0849 0.083 0.085 
180 . 0 -o. 002 -o. 002 -o. 013 0.059 0.0947 0.0909 0.091 0.091 
19 c. -0. 002 -0.002 -0.01) 0.065 0.1007 0.0989 0.099 0.099 
200 . 
-
.002 -0.002 -0.015 o. oz.1 0.1087 0.1069 0.107 0.107 
JOO o.o -0. 012 -0. 012 -0.012 0.1 1 0.2000 0.2 010 0.201 0.2 01 
400 o.o -0.018 -0.018 -0.018 0.241 0.2980 0.2890 0.289 0.289 
500 o.o -0.026 -0.026 -0.026 0.)63 o.4110 o.42 70 o.4JJ o.4JJ 
600 o.o 0.0)4 -0.034 -0.034 0.511 0.5950 0.5910 0.593 0.593 
700 o.o -0.0 8 -0. 48 -0.048 0.707 0.8070 0.8070 0.807 0.807 
800 Q.O -0.062 -0.062 -0.062 0.8?7 1.0330 1.0210 1. 02 .5 1. 02 9 
900 o.o -0.082 -0.082 -0.082 1.121 1.3370 1.3270 1.373 1.)4.5 
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TABLE 2b 
CALCULATED DATA FOR SINGLE-PHASE FLOW TESTS (AIR) 
(P4-P6) 
FLOW RATE MASS VELOCITY TH.ROUG~ (APsp>TsP (Kgp)TSP (SCFH) T.S.P. GAPS (lbm/s-f ) (PSI) 
20 O.J484 0.0062 )4.89 
JO 0.5225 0.0122 J0.60 
40 0.6967 0.0142 20.o4 
50 0.8709 o. 0182 16.44 
60 1. 0451 o. 0222 13.93 
70 1.2192 0.0282 13.01 
Bo 1.3934 0.0)42 12 .08 
90 1.5676 o. o402 11.22 
100 1. 7418 o. 0482 10.90 
110 1.9159 0.0522 9.76 
120 2. 0901 o. 0582 9.14 
130 2.264) 0.0662 8.86 
140 2.4)85 0.0742 B.56 
150 2. 612 6 0.0822 8.26 
160 2.7867 0.0902 7.97 
170 2.9610 o. 0982 7.69 
180 J .1352 0.1082 7.55 
190 J.J09J 0.1142 7.16 
200 J.4BJ5 0.1242 7.02 
JOO 5 .2250 0.212 0 5.34 
4 0 6.9670 0.3160 4.4? 
5 B.7090 0.4660 4.22 
6 0 10. 4 51 0. 62 80 J.95 
7 0 12 .192 0 0.8540 J.95 
B o lJ.9)40 1. 0940 J.87 
90 15.6760 1.4180 J.96 
TABLE 3a 
EXPERIMENTAL RESULTS FOR TWO-PHASE FLOW TESTS 
2.0 GPM + 20 to 200 SCFH 
P:IESSUiIB DROP WITH RESPECT TO TAP NO. 1 
TAP NUMBEB 
~IR & WATER 1 2 3 4 5 6 7 
FLO RATE 
(SCFB) (G M) (PRESSURE DROP IN PSI) 
20 2.0 o.o 0.085 0.169 0.)14 0.946 1.178 1.JOJ 
30 2.0 o. 0.125 0.229 0.)74 1.006 1.2)8 1.JBJ 
40 2.0 0.0 0.065 0.189 0.174 1.086 1.278 1.)83 
50 2.0 o.o 0.125 0.249 0.354 1.186 1.)58 1.503 
60 2.0 o.o 0.065 0.169 0.274 1.186 1.)98 1.523 
70 2.0 o.o 0.045 0.109 0.2)4 1.186 1.438 1.60) 
80 2.0 0.0 0.095 0.179 0.284 1.336 1.608 1.693 
90 2.0 o.o 0.045 0.129 0.214 1.426 1.618 1.743 
100 2.0 0.0 0.065 0.109 0.254 1.446 1.778 1.88) 
110 2.0 o.o o.045 0.129 0.2)4 1.466 1.778 1.923 
120 2.0 o.o 0.185 0.229 0.294 1.466 1.9)8 2 .023 
1)0 2.0 o.o 0.085 0.169 0.2)4 1.586 1.938 2·. OBJ 
140 2.0 o.o 0.065 0.089 0.294 1.606 1.998 2.143 
150 2.0 o.o 0.105 0.149 0.234 1.626 2.138 2 .26) 
160 2.0 0.0 -0.005 0.099 0.224 1.676 2.068 2 .273 
1?0 2.0 o. 0.135 0.199 0.)64 1.776 2.488 2.51.3 
180 2.0 o.o 0.045 0.149 0.254 1.866 2.JJ8 2 .423 
190 2.0 o .. 0 0.105 0.129 0.234 1.866 2.4)8 2.563 
200 2.0 o.o 0.125 0.129 0.294 2.006 2.518 2.66) 
50 
B 9 
1.)88 1.532 
1.468 1.612 
1.528 1.652 
1.568 1.652 
1.588 1. 672 
1.648 1. 712 
1.798 1.842 
1.848 1.932 
1.948 2. 012 
1.968 1.992 
2.168 2 .232 
2 .128 2.232 
2.188 2 .2)2 
2 .328 2.352 
2 .278 2.)22 
2.558 2 .662 
2 .428 2 .552 
2. 648 2.592 
2.688 2 .652 
TABLE 3b 
CALCULATED DATA FOR TWO-PHASE FLOW TESTS 
2.0 GPM + 20 to 200 SCFH 
(P4-P6) 
~I~ & 'W}TER MASS VELOCITY PlOW QUALITY (A p TP) TSP FLOW RATE THROUGH TSP GA PS 
(SCFB) (GPM) ( l bm/s-ft2) (PSI) 
20 2.0 2)6.14 0.00148 o.865 JO 2. 2)6.)1 0.00221 0.865 
40 2. 2)6.48 0.00295 1.105 
50 2.0 2)6.66 0.00368 1. 005 
60 2.0 2)6.83 0.00441 1.125 
?O 2.0 237.00 0.00514 1.205 
80 2.0 2 37 .18 0.00587 1. 325 
90 2.0 237.35 0.00660 1.405 
100 2.0 237.53 0.00733 1.525 
110 2.0 237.70 0.00806 1.545 
120 2.0 2)7.88 0.00878 1.645 
130 2.0 238.05 0.00951 1.705 
140 2.0 2)8.23 o. 01024 1.705 
150 2.0 2)8.40 0.01096 1.905 
160 2.0 238.57 0.01168 1. 845 
170 2.0 238.75 o. 01240 2 .125 
180 2. 238. 92 0.01)12 2. 085 
19 2.0 2 39 .10 0.01)84 2 .205 
200 2. 2)9.27 0.01456 2.225 
51 
(K ) 
TP TSP 
4.004 
J.132 
J.285 
2.533 
2.461 
2 .32 8 
2 .292 
2 .2 00 
2.180 
2. 032 
2.00J 
1.933 
1.807 
1. 896 
1. 731 
1.885 
1.754 
1.?64 
1.696 
TABLE 4a 
EXPERIMENTAL RESULTS FOR TWO-PHASE FLOW TESTS 
3.0 GPM + 20 to 200 SCFH 
PRESSU.3E DROP WITH RESPECT TO TAP NO. 1 
TAP NUMBER 
AIR c!c WATER 1 2 3 4 5 6 ? 
FLOW RATE 
(SCPB) (GPM) (PRESSURE DROP IN PSI) 
20 ).O o.o o. 025 0.169 0.314 1.306 1.758 1.863 
30 J.O 0.0 0.085 0.229 0.374 1.506 1.858 1.963 
4 3.0 o.o -0.015 0.109 0.174 1.586 1.978 2.06J 
5 J.O 0.0 0.045 0.189 O.J14 1. 766 2 .058 2.163 
60 3.0 o.o 0.005 0.069 0.214 1.866 2.138 2.24J 
70 3.0 o.o 0.005 0.109 0.234 2.086 2.2J8 2.JBJ 
B J.O o.o 0.075 0.179 0.244 2.236 2.508 2.573 
90 3.0 .o o. 025 0.089 0.2)4 2 .426 2.518 2. 723 
10 ).0 0.0 -O.o45 0.149 0.254 2.486 2.758 2. 883 
110 ).0 o. o. 45 0.189 0.234 2 .526 2 .8J8 3. 023 
12 J.O .o 0.045 0.089 0.194 2.566 2.878 ). 043 
130 J.O .o 0.065 0.169 0.274 2. 626 J.058 J.223 
14 J.O o.o 0.065 0.109 0.214 2. 726 J.058 3 .163 
150 J.O 0.0 -0.075 o. 029 0.154 2. 726 J.118 J.JOJ 
160 J.O o.o 0.075 0.1)9 0.264 2.676 J.)88 J.413 
170 J.O o.o 0.215 0.2)9 0.)84 J.176 3.528 J.673 
180 ).0 o.o 0.105 0.149 0.274 ).246 3.498 J.683 
190 ).0 o.o 0.045 0.209 0.)14 J.586 J.?JB J.BOJ 
200 3.0 o.o -0.015 0.069 0.234 }.606 J.658 3.963 
52 
8 9 
1.948 2 .092 
2.088 2 .232 
2.168 2.312 
2.268 2 .392 
2.368 2.392 
2.468 2.512 
2.598 2. 742 
2.708 2. 832 
2.868 2. 812 
2.968 3.012 
J.108 J.112 
J.228 3 .192 
J.248 J.2 72 
J.248 3.292 
J.JJ8 3.322 
J.6J8 J.662 
J.588 J.672 
J.588 J.692 
J.888 J.872 
TABLE 4b 
CALCULATED DATA FOR TWO-PHASE FLOW TESTS 
3.0 GPM + 20 to 200 SCFH 
AIR & WATER MASS VELOCITY FLOW QUAlITY 
FLOW RATE THROUGH TSP GAPS 
(SCFB) (GP ) ( 1 bm/s-ft2) 
20 J.O J54.0J 0.00098 
JO J.O 354 .2 0 0.00148 
4 J.O 354.38 0.00197 
50 J.O 354.55 o. 00246 
60 3.0 354.73 0. 00295 
70 3.0 354.90 0.00)44 
80 3.0 355.07 0.00392 
90 J.O 355.25 0.00441 
100 3.0 355.42 0.00490 
110 J 0 355.60 0.00539 
120 J.O 355.77 0.00587 
130 3.0 355.94 0.00636 
140 J.O 356.12 0.00685 
150 J.O 356.29 o. 007)3 
160 J.O 356.47 o. 00782 
170 ).O 356.64 0.008JO 
180 3. 356. 82 0.00879 
190 J.O 356.99 o. 00927 
200 3. 357.16 0.00975 
53 
(P4-P6) 
(4PTP)TSP (KTP)TSP 
(PSI) 
1.445 J.651 
1.485 J.056 
1.805 J.133 
1.745 2. 619 
1. 925 2.544 
2. 005 2.367 
2 .265 2.416 
2 .285 2.222 
2 .505 2.239 
2.605 2.153 
2. 685 2.064 
2.785 2 .001 
2. 845 1.919 
2.965 1.884 
3 .125 1.877 
J.145 1. 791 
J.225 1. 745 
J.425 1.766 
J.425 1.687 
TABLE 5a 
EXPERIMENTAL RESULTS FOR TWO-PHASE FLOW TESTS 
4.0 GPM + 20 to 200 SCFH 
PRESSURE DROP WITH RESPECT TO T.AP NO. 1 
TAP NUMBER 
AIR & WATER 1 2 3 4 5 6 7 
FLOW RATE 
(SCFR) (GP (PRESSURE DROP IN PSI) 
20 4.o o.o -0.115 o. 029 0.174 1. 926 2.498 2 .60J 
JO 4.0 o.o 0.085 0.169 0.254 2.086 2.658 2.783 
40 4.0 o.o -0 .. 015 0.129 0.174 2.246 2.878 2 .923 
5 4.o 0.0 o. 65 0.169 0.254 2 .426 2.958 J.OOJ 
60 4. 0.0 -0.135 0.009 0.094 2.586 J.118 J.103 
7 4.0 o.o -0.095 -0.0Jl 0.074 2. 726 J.2J8 J.JOJ 
80 4.0 o.o -0.065 0.019 0.084 2.996 J.448 J.493 
90 4.0 o.o o. 025 0.089 0.214 J.22 6 J.658 J.68J 
100 4.0 o.o -0. 55 0.069 0.194 3 .186 J.798 J.783 
110 4.o o.o -0.055 0.069 0.194 J.406 J.9J8 3.98J 
120 4.0 o.o -0.015 -0. 011 0.134 J. 746 4.098 4.22J 
130 4.0 o.o 0.025 0.009 0.134 J. 846 4.198 4.263 
140 4.0 o.o -0.075 0.069 0.?94 J.806 4.358 4.423 
150 4.0 0.0 0.015 o.049 0.154 4.246 4.698 4.643 
160 4.0 o. 0 -0.025 0.079 0.124 4.516 4.588 4.813 
1?0 4.0 0.0 0.135 0.199 O.J24 4.976 5.108 5.093 
180 4.o o.o -0.035 o.049 0.094 4.986 4.938 4.983 
190 4.0 o.o -0.015 0.049 0.074 5.166 5.138 5.28J 
200 4.0 o.o -0.035 0.029 0.134 5.226 5.238 5.343 
54 
8 9 
2.708 2. 852 
2.9oe J.052 
J.ooe J.092 
J.148 J.272 
3.228 3.372 
3 •. 408 J.432 
J.598 J. 622 
J.688 J. 772 
J.948 3.892 
J.968 4.012 
4.128 4.212 
4.208 4.232 
4.J88 4.432 
4.568 4.512 
4.598 4.622 
5.098 5. 022 
5.028 4.932 
5.208 5.152 
5.348 5.132 
AIR & WATER 
FLO &ATE 
TABLE 5b 
CALCULATED DATA FOR TWO-PHASE FLOW TESTS 
4.0 GPM + 20 to 200 SCFH 
(P4-P6) 
M.ASS VELOCITY FLOW QUA LI TY (APTP)TSP THROUGH T~P GAPS (SCFH) (GPM) (lbm/s-ft ) (PSI) 
20 4.0 471.92 0.00074 2 .325 JO 4.0 472 .10 o. 00111 2 .405 
40 4.0 472 .2 7 0.00148 2.?05 
50 4.o 472 .44 0.00184 2.705 
60 4.0 472. 62 0.00221 J.025 
70 4. 472. 79 o. 00258 J.165 
BO 4.o 472. 97 0. 00295 J.J65 
90 4.0 473 .14 O.OO}Jl J.445 
100 4.o 47). J2 0.00)68 J.605 
110 4.0 47J.49 o. 00405 J.745 
120 4.o 47).66 0.00441 J.965 
130 4.0 47J. 84 o. 00478 4.065 
140 4.0 474. 01 0.00514 4.165 
150 4.0 4?4 .19 0.00551 4.545 
160 4.o 474.J6 0.00587 4.465 
170 4.0 474.53 o. 00624 4. 785 
180 4.o 474. 71 0.00660 4.845 
190 4.o 4?4.88 0.00697 5.065 
200 4.0 475.06 0.00733 5.105 
55 
(KTP)TSP 
). 727 
J.2)4 
J.131 
2. 749 
2.7)9 
2 .584 
2 .502 
2.)50 
2 .272 
2.194 
2.169 
2.086 
2. 012 
2.075 
1.931 
1.966 
1.897 
1.893 
1. 825 
TABLE 6a 
EXPERIMENTAL RESULTS FOR TWO-PHASE FLOW TESTS 
5.0 GPM + 20 to 200 SCFH 
PRESSURE DROP WITB RESPECT TO TAP NO. 1 
TAP NUMBER 
AIR & WATER 1 2 J 4 s 6 7 
FLOW RATE 
(SCPH) (GPM) (PRESSURE DROP IN PSI) 
20 5.0 o.o 0.025 0.169 0.)14 2. 846 3.678 J.803 JO 5.0 o.o o. 025 0.109 0.194 2.906 J. 858 4.023 
40 5.0 o.o -0.055 o. 029 0.134 3.086 4.078 4.203 
50 5.0 o. o. 025 0.109 0.214 J.226 4.198 4.263 
60 5.0 o.o -0.195 -0.111 -0.046 J.426 4.)18 4.J83 
70 5.0 o.o -0.215 -0.171 -o. 026 3.766 4.518 4.543 
80 5.0 o.o -0.205 -0.161 -0.036 4.1)6 4.708 4.793 
90 5.0 o.o -0.215 -0.131 -0.006 4.)06 4.978 5.063 
100 5.0 o.o -0.135 -0.091 O.OJ4 4.)66 5.018 5.103 
110 5.0 o.o -0.235 -0.111 0 0)4 4.666 5.338 5.J8J 
120 5.0 o.o -0.195 -0.151 -o.046 4.726 5.478 5.483 
130 5.0 o.o -0.255 -0.131 -0.006 5.186 5.678 5. 76) 
140 5.0 o.o -0.235 -0.171 -0.066 s. 726 6.0JB 5.94J 
150 5.0 o.o -0 235 -0.131 -0.026 5. 826 6.258 6.143 
160 5.0 0.0 0.205 -0.141 -0.016 6.156 6.408 6.353 
170 5.0 0.0 -0.065 -0.021 0.044 6.296 6.668 6.793 
180 5.0 o.o -0.115 -0.091 -0.066 6.246 6.698 6.743 
19 5.0 . -o 235 -0.151 o.046 6.586 6.738 6.803 
200 5.0 o. -0.195 -0.151 -0.006 6.786 7.218 7 .28J 
56 
8 9 
4 .. oe8 4.1 ?2 
4.228 4.)92 
4.328 4.452 
4.188 4.352 
4.548 4.592 
4.628 4.672 
4.838 4.902 
5.068 5. 092 
5.148 5 .192 
5 .-42 8 5.472 
5 .288 5.412 
5. 748 5.792 
5.888 5.832 
5.988 6.092 
6.298 6.342 
6. 718 6. 702 
6.748 6.552 
6.808 6. 872 
7.148 7.432 
AIR &: WATER 
Fl.OW RATE 
TABLE 6b 
CALCULATED DATA FOR TWO-PHASE FLOW TESTS 
5.0 GPM + 20 to 200 SCFH 
(P4 -P ~) 
MASS VELOCITY PLOW QUALITY (t.PTP)TSP THROUGH TSP GAPS (SCFB) (GPM) ( lbm/s-rt2) (PSI) 
20 5.0 589. 82 0.00059 J.J65 )O s.o 589.99 0.00088 J.665 40 5.0 590.16 0.00118 3.945 50 5.0 590.)4 o. 00148 3.985 60 5.0 590.51 0.00177 4.J65 ?O 5.0 590.69 0.00206 4.545 80 5.0 590.86 0. 002)6 4.?45 90 5.0 591.0J 0. 00265 4.985 100 5.0 591.21 o. 002 95 4.985 110 .5. 0 591.JS 0.00324 5.305 120 5.0 591.56 0.00353 5.525 
130 5.0 591.73 0.00)8) 5.685 
140 5.0 591.91 0.00412 6.105 
150 5.0 592.08 0.00441 6.285 160 5.0 592 .. 25 o. 00471 6.425 
170 5.0 592.4) 0.00500 6.625 
180 5.0 592.60 0.00529 .6. 765 
190 5.0 592. 78 0.00558 6.785 
200 5.0 592. 95 0.00587 7.225 
57 
(KTP)TSP 
J.741 
J.492 
J.289 
2.952 
2. 910 
2. 754 
2.635 
2.555 
2.372 
2.355 
2.299 
2.226 
2.257 
2 .201 
2.137 
2.098 
2 .044 
1.960 
2.000 
TABLE 7a 
EXPERIMENTAL RESULTS FOR TWO-PHASE FLOW TESTS 
6.0 GPM + 20 to 200 SCFH 
PRESSURE DROP WITH RESPECT TO TAP NO. 1 
TAP RUMBEB 
} IR & WATER 1 2 J 4 s 6 7 
PlO RATE 
(SCPH) {GP (PRESSURE DROP IN PSI) 
20 6.o 0.0 -0.115 0.029 0.174 J.746 4.758 4.86J 
JO 6.o o.o o. 025 0.029 0.174 J. 926 5.258 5.40J 
40 6.o o.o -0.115 -0. 011 0.074 4.066 5.5J8 5.68J 
50 6.o o.o o. 025 0.169 0.294 4.526 6.0J8 6.18J 
60 6.o o.o -0.155 -0. 071 -0.006 4.266 5.898 6.00J 
?O 6.o o.o -0.195 -0 .191 -0.106 4.566 6.078 6.143 
80 6.0 o.o -0.225 -0 .181 -0.096 5.036 6.548 6.45J 
90 6.o o.o -0.3J5 -0.211 -0.106 5 .266 6.498 6.48J 
100 6.o o.o -0.255 -0 .151 -0.12 6 5.406 6.598 6.64J 
110 6.o o.o -0.315 -0.2Jl -0 .12 6 5.806 6.778 6.82J 
120 6.0 o.o -0.355 -0.291 -0.166 6.006 6.958 ?.06J 
130 6.o o.o -0.295 -0.191 -0.106 6.146 7.438 ?.343 
140 6.o o.o -0.395 -0.311 -0.166 6.866 7.498 ?.54J 
150 6.0 o.o -0.375 -0.251 -0.12 6 6.946 ?.658 ?.?OJ 
160 6.o 0.0 -0.)25 -0.261 -0.136 7.456 8.228 8.053 
170 6.o o. -0.285 -0.261 -0 .116 7.476 8.268 8.173 
1 0 6 0 o.o -0.275 -0.291 0.186 7.786 8.4J8 B.44J 
190 6.o o.o -0.)75 -0.251 -0.166 B.006 8.638 8 .563 
200 6. 0.0 -0.255 0 .211 0.126 8.146 8.898 8.80J 
58 
8 9 
5.008 5.152 
5.468 5.652 
5. 828 6.052 
6.428 6.572 
6.148 6.492 
6.168 6.212 
6.6J8 6.642 
6.548 6.6J2 
6.688 6.792 
6.888 6.932 
7.128 7.152 
7.388 7.372 
7.488 7.612 
7. 728 7 .592 
8.018 7.902 
8.238 8.342 
8.628 8.J72 
8.548 8.532 
8. 828 8.852 
A IR & WATER 
FLOW RJiTE 
TABLE 7b 
CALCULATED DATA FOR TWO-PHASE FLOW TESTS 
6.0 GPM + 20 to 200 SCFH 
(P4-P6) 
MASS VELOCITY FLOW QUALITY (6 PTP)TSP THROUGH T~P GAPS 
(SCFB) (GPM) (lbm/s-ft ) (PSI) 
20 6.0 707.?1 0.00049 4.585 
'g 6.o 707.88 0.00074 5.085 6.o 708.06 0 00098 5.465 
50 6. 708.23 0.00123 5.745 
60 6.o 708.41 0.00148 5.905 
70 6.o 708.58 0. 001 72 6.185 
80 6. 708.75 0.00197 6.645 
90 6.o 708.9) 0 •· 00221 6.605 
100 6. 709 .10 0. 00246 6. 725 
110 6. 709 .28 o. 002 70 6.905 
120 6.o 709.45 0. 00295 7.125 
130 6.o 709. 62 0.00319 7.545 
140 6.o 709.80 0.00344 ?.665 
150 6.o 709.97 0.00368 7.785 
160 6.0 710.15 o. 00392 8.365 
170 6. 710 .)2 O.Oo417 8.)85 
180 6.0 710. 50 0.00441 8. 625 
190 6.o 710.67 0.00466 8.805 
200 6. 710. 84 0. 00490 9.025 
59 
(KTP)TBP 
3.748 
J.624 
J.452 
J.258 
J.038 
2. 912 
2. 884 
2.658 
2 .52J 
2 .426 
2.354 
2.353 
2 .262 
2 .181 
2 .231 
2.133 
2.097 
2.051 
2.011 
APPENDIX B 
SAMPLE CALCULATIONS 
61 
SAMPLE CALCULATIONS 
Single-phase Flow 
In order to detenni ne the loss coefficients predicting the pres-
sure drops across the tube support plate, the following equation was 
used (Geiger, 1964): 
The symbol meanings are found in nomencl ature. 
For 2 GPM of water: 
(6Psp)TSP = 6P @ TAP NO. 6 - 6P @ TAP NO . 4 
From Table la: 
Thus: 
6P @ TAP NO . 6 = 1 .018 PSI 
6P @ TAP NO. 4 = 0.394 PSI 
(6P5p)TSP = 0.624 PSI 
The mass ve l oc i ty through t he TSP gaps is: 
Where: 
. 
m = 2 
gall on 
min 
m = 0.2784 lbm/s 
x min 
60 s 
x ft3 x 62.468 lbm 
--=-7 .--..4~80 5;::--g-a ,.....llr-o-n ft 3 
And 
_.., 
-
62 
1T x (0.532 in2 - o.so2 in2 x 7 holes= 1.180 x 10-3 ft2 
Thus: 
And 
--
4 144 i n2/ft2 
0.2784 G = = 235.78 
-, -. 1-8-0 x-1-0--3-· -
lbm 
s-ft2 
ft-lbm 
( 2) ( 32. 2) 
1 bf-s2 
(62.468) 
( K5p)TsP = 
1 bm2 
(235.78)2 x ( 
s2-ft4 
(Ksp)TSP = 6.509 
lbm 
ft3 
(0.624) 
1 ) f t2 
144 in2 
For 900 SCFH of air: 
(from Table 3b) 
G = 15.676 lbm/s-ft2 (from Table 3b) 
Thus: 
ft-lbm lbm 
(2) (32.2) 
lbf-s 2 
(0.0740) 
ft3 
(1 .418) 
( Ksp )rsP = 
1 bm2 f t 2 (15.676) 2 x(_,_) 
s2-ft4 144 in2 
lbf 
in2 
lbf 
in2 
Two-phase Flow 
The two-phase flow loss coefficients were found using the 
following equation (Geiger, 1964): 
The symbol meanings are found in nomenclature. 
For 6 GPM of water and 100 SCFH of air: 
m (water) = 0.835 lbm/s 
m (air) = 2.056xlo- 3 lbm/s 
The flow quality is found from: 
x = m(air) I m(total) 
Thus: 
x = 0.00246 
And the mean density is found from (Geiger, 1964): 
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(Pf) (Pg) (62.468) lbm/ft3· (0.0740) lbm/ft3 
p = -X-(P_ P_)_+-(P-) = (0.00246) (62.468-0.0740) lbm + (0.0740) l bm 
f- g g ~ ft3 
p = 20. 32 1 bm/ ft3 
Now 
(6PTP)TSP = 6P @ TAP NP. 6 - 6P @ TAP NO. 4 
From Table Ba: 
Thus 
And 
~p @ TAP NO. 6 = 6.598 PSI 
~p @ TAP NO. 4 = -0.126 PSI 
G = m(total) I AG 
G = (0.835 + 2.056xl0- 3) I (1 .180xl0- 3) = 709.10 lbm/ s-ft2 
Therefore: 
(2) (32 _2) ft-lbm 
lbf-s 2 
(20.32) lbm 
f t 3 
(6.724) lbf 
i;T 
2 . 
( 709 . l 0) 2 l bm x ( 
s
2
-ft4 
1 ) ft2 
144 in2 
( KTP) = 2. 523 TSP 
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APPENDIX C 
COMPUTER PROGRAMS FOR DATA ANALYSIS 
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